Glutathione S-transferase was purified approximately 2,300-fold from cell extracts of Escherichia coli B with a 7.5% activity yield. The molecular weight of the enzyme was 45,000, and the enzyme appeared to consist of two homogeneous subunits. The enzyme was almost specific to 1-chloro-2,4-dinitrobenzene (K,. 1.43 mM) and glutathione (K,,, 0.33 mM). The optimal pH and optimal temperature for activity were 7.0 and 50°C, respectively, and the enzyme was stable from pH 5 to 11. The activity of the enzyme for 1-chloro-2,4-dinitrobenzene (3.2 ,umol/min per mg of protein) was significantly lower than those of the enzymes from mammals, plants, and fungi.
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Glutathione S-transferases (GSTs) constitute an important class of detoxifying enzymes. The enzyme catalyzes the conjugation of glutathione (GSH) with various compounds having electrophilic and/or hydrophobic sites (6) . The enzyme is thought to protect the cells against foreign compounds such as pesticides, drugs, and carcinogens (7) . The enzymes have been extensively purified from mammals such as human (8) , mouse (12) , cattle (3) , and rat (21) , and their properties have been characterized in detail. However, the data on microbial GSTs are largely lacking, and the enzyme has been purified only from Fusarium oxysporum f. sp. melonis (5) , Mucorjavanicus (1) , and Tetrahymena thermophila (18) . Although attempts to detect GST activity in cell extracts of bacteria (2, 11, 21) , yeasts (4, 9) , mold (1, 5) , and protozoa (18) have been made, these results are fragmentary and not enough to compare the properties of microbial enzymes with those of enzymes from mammals. Here we report the purification and partial characterization of GST from Escherichia coli B.
MATERIALS AND METHODS Chemicals. GSH was purchased from Kohjin Co., Ltd., Tokyo, Japan. 1-Chloro-2,4-dinitrobenzene was from Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan. Glutathione agarose was prepared from AH-Sepharose CL-4B according to the vendor's specifications (Pharmacia).
Assays. The activity of GST was assayed essentially by the method of Habig et al. (6) . The reaction mixture (1.0 ml) consisted of 0.1 M potassium phosphate buffer (KPB) (pH 7.0), 1.0 mM EDTA, 1.0 mM GSH, 1.0 mM 1-chloro-2,4-dinitrobenzene (CDNB), and enzyme. The enzyme activity was calculated by using a molar extinction coefficient of S-(2,4-dinitrophenyl)glutathione as 9.6 M-1 cm-' at 340 nm and 25°C. One unit of enzyme activity was defined as the amount producing 1 nmol of conjugate of GSH with CDNB per min. Protein was determined by the method of Lowry et al. (13) . GSH in cells was determined by the method of Murata et al. (17) .
Growth experiments. In order to investigate the effect of electrophiles on the formation of GST activity, cells of E.
coli B were grown in a test tube containing 5 ml of nutrient medium (1.0% glucose, 0.1% yeast extract, 1.0% peptone, 0.5% meat extract, 0.1% MgSO4-7H20, and 0.5% K2HPO4 * Corresponding author.
[pH 7.0]) with reciprocal shaking at 37°C for 20 h. The cells were transferred into a 2-liter Sakaguchi flask containing 500 ml of the same fresh medium, and the initial turbidity (OD610) was adjusted to 0.03. Electrophilic compounds such as CDNB and o-dinitrobenzene (o-DNB), which were dissolved in a minimal amount of acetone, were then added to the culture medium described above. E. coli B cells were cultivated at 37°C with reciprocal shaking, and the growth of cells was monitored by measuring the turbidity at 610 nm. An appropriate amount of cells was withdrawn, washed once with 0.85% NaCl solution, and then suspended in a small amount of 10 mM KPB (pH 7.0) containing 1.0 mM EDTA, 0.2 mM GSH, and 20% (wt/vol) glycerol (buffer A). The cells were disrupted for 5 min at 90 kHz and 0°C on a Kubota Insonator (model 200M). The homogenates were centrifuged at 25,000 x g for 20 min at 4°C, and the supernatants were used as the source of GST.
Purification of GST. (i) Cell extracts. Cells (187 g, wet weight) from a 30-liter nutrient culture were washed once with 0.85% saline solution and suspended in 600 ml of buffer A. The cells were disrupted as shown before and then centrifuged at 25,000 x g for 30 min at 4°C. Unless otherwise stated, all purification procedures were done at 0 to 4°C.
(ii) Ammonium sulfate fractionation. Solid ammonium sulfate (146 g, 45% saturation) was added to the crude extracts (24,144 mg, 600 ml), and the mixture was stirred for 2 h. The precipitates were removed by centrifugation (15,000 rpm for 30 min). Another 80 g of ammonium sulfate was added to the resultant supernatants, and the precipitates formed were collected by centrifugation (15, 000 rpm for 20 min). The pellets were resolved in 250 ml of buffer A.
(iii) Butyl Toyopearl 650M column chromatography. The enzyme solution (3,278 mg of protein, 260 ml) was brought to 30% saturation by adding ammonium sulfate, and the mixture was applied to a Butyl Toyopearl 650 M column (4.5 by 60 cm) equilibrated with buffer A containing 30% ammonium sulfate. The enzyme was eluted with a linear gradient of ammonium sulfate (30 to 0%; total volume, 1,600 ml). Fractions were collected as 16-ml portions every 14 min. The active fractions (conductivity, 8.4 to 7.9 mS) were pooled and dialyzed against buffer A overnight.
(iv) Hydroxylapatite column chromatography. The dialysate (108.7 mg of protein, 205 ml) was loaded on a hydroxylapatite column (2.8 by 9 cm) equilibrated with buffer A. The enzyme was eluted with a linear gradient of KPB (pH 6040 IIZUKA ET AL. 7 .0) (10 to 300 mM; total volume, 400 ml) containing 1.0 mM EDTA, 0.2 mM GSH, and 20% glycerol. Fractions were collected at a flow rate of 5 ml/5 min. The active fractions (conductivity, 0.24 to 0.54 mS) were combined and concentrated to approximately 9 ml with an Amicon PM10 membrane.
(v) Sephadex G-150 column chromatography. The concentrate (67.3 mg of protein, 9 ml) was applied to a Sephadex G-150 column (1.4 by 90 cm) equilibrated with buffer A. Elution of the proteins was performed with buffer A at a flow rate of 3 ml/15 min. The active fractions (nos. 35 to 41) were pooled and concentrated as before.
(vi) DEAE-Sepharose CL-6B column chromatography. The concentrate (9.02 mg of protein, 6 ml) was applied to a DEAE-Sepharose CL-6B column (1.4 by 47 cm) equilibrated with buffer A. The enzyme was eluted with a linear gradient of KPB (50 to 300 mM; total volume, 400 ml) containing 1.0 mM EDTA, 0.2 mM GSH, and 20% glycerol at a flow rate of 4 ml/10 min. The active fractions (conductivity, 0.9 to 1.0 mS) were pooled and dialyzed against 10 mM KPB (pH 7.0) overnight.
(vii) GSH agarose affinity column chromatography. The dialysate (4.46 mg of protein, 12 ml) was applied to a GSH agarose affinity column (1.4 by 7.8 cm) equilibrated with 10 mM KPB (pH 7.0). The column was washed first with 200 ml of the same buffer containing 0.1 M KCl and then with 200 ml of 10 mM KPB (pH 7.0). The adsorbed enzyme was eluted with 10 mM KPB (pH 7.0) containing 10 mM GSH. The active fractions were pooled and dialyzed against 10 mM KPB (pH 7.0) overnight. The dialysate was stored at -20°C until use.
Molecular weight determination. The molecular weight of the enzyme was estimated by gel filtration of a Sephadex G-150 column (1.4 by 90 cm) by the method of Andrews (2) . The enzyme was eluted with 10 mM KPB (pH 7.0), and the eluates were collected at a flow rate of 3 ml/15 min.
Polyacrylamide gel electrophoresis. Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS) was conducted by the method of Laemmli (10) . The gel was stained for proteins with Coomassie brilliant blue.
RESULTS
Effect of electrophilic compounds on the formation of GST. The effect of CDNB or o-DNB on the formation of GST activity was examined. Without the electrophilic compounds, GST activity was formed in association with growth (Fig. 1A) . When CDNB (0.2 mM; Fig. 1B) or o-DNB (0.2 mM; Fig. 1C ) was added to the culture, the growth of cells was initially repressed. However, no increase in GST activity over that of control cells grown in the absence of these chemicals (Fig. 1A) was observed. Cellular GSH content was not affected in the presence or absence of electrophilic compounds. The content increased in association with cell growth, reached a maximum at stationary phase, and then declined.
Purification of GST. The overall purification procedures for GST are summarized in Table 1 . The enzyme was purified approximately 2,300-fold, with 7.5% activity yield. The purified enzyme migrated as a single protein band with a molecular weight of 25,000 on SDS-polyacrylamide gel electrophoresis (Fig. 2B) . On the other hand, the molecular weight of the purified enzyme was estimated to be 45,000 by a calibrated column of Sephadex G-150 (Fig. 2A) 4 and 2%, respectively, when the activity toward CDNB was taken as 100% (Table 2 ). Other electrophilic compounds such as 4-nitropyridine-N-oxide, 1,2-epoxy-3-(p-nitrophenoxy)propane, and p-nitrophenylbromide were inert as substrates. The enzyme utilized GSH most efficiently as a nucleophilic substrate (relative activity, 100%). Other thiol compounds, such as L-cysteine (6%), -y-L-glutamyl-L-cysteine (35%), dithiothreitol (35%), and 2-mercaptoethanol (22%), were also found to be utilized as substrates, but with lower efficiencies ( Table 2 ). The apparent Km value for GSH was calculated to be 0.33 mM.
Effect of pH and temperature. The enzyme was most active at pH 7.0 (Fig. 3A) and was stable between pH 5 and 11 (Fig.  3B) . The optimal temperature for activity was ca. 50°C. The activity of the enzyme was stable up to 50°C, and the activity was rapidly lost above 50°C.
Effect of various chemicals on GST activity. The effects of metal ions and sulfhydryl-blocking agents on the enzyme activity were investigated ( L-cysteine and glycine in the culture (9). Cohen et al. reported that GSH content in the mycelia of Fusarium oxysporum and Rhizoctonia solani was initialy reduced in the presence of electrophilic compounds such as pentachloronitrobenzene and CDNB and then increased gradually to the original level (5) . GST activity of the electrophile-treated mycelia of F. oxysporum and R. solani also decreases almost in parallel the intracellular GSH content. However, such electrophilic compounds showed little effects on both GST formation and GSH content in E. coli B. This was presumably due to the impermeability of the electrophiic compounds across the cell membrane. The addition of L-cysteine or glycine also showed no effect on GST formation (data not shown). [18] ) had higher enzyme activities than E. coli. For mammalian and plant enzymes the enzyme activity values vary depending on the number of isozymes. In E. coli B cell, the GST was not separated into more than one active peak during purification, suggesting that E. coli B did not contain isozymes (5). The isozyme has not been reported for molds (5), although Casalone et al. have suggested that the differences in GST activity observed in the various yeast strains arose largely from the difference in the isozyme composition (4).
Morgenstern et al. have shown that the enzyme purified from rat liver microsome was stimulated eightfold by the treatment with N-ethylmaleimide and fourfold with iodoacetamide. On the other hand, the soluble enzyme of rat liver cytoplasm was not affected by treatment with such sulfhydryl-blocking agants (15) . In our study, the activity of the E. coli B enzyme was lost approximately 30% when it was treated with iodoacetamide, while N-ethylmaleimide and p-chloromercuribenzoate showed no appreciable effects. The results suggested that the E. coli enzyme contains no active-site thiol.
The purified GST from E. coli shows neither seleniumdependent nor independent glutathione peroxidase activity when H202, cumenehydroperoxide, or tert-butylhydroperoxide was used as a substrate (data not shown). On the other hand, GSTs purified from rat and mouse livers exhibited selenium-independent glutathione peroxidase activity (19, 22) , indicating that the properties of catalytic sites between mammalian and microbial enzymes may be different. The cDNAs responsible for GSTs of corn (GST III [14] ) and rat (Ya and Yc [21] ) have been cloned, sequenced, and expressed in E. coli cells. The molecular cloning of the GST gene of E. coli is now in progress in order to elucidate the difference in the molecular structure between the mammalian and E. coli enzymes.
